ABSTRACT -Biological defense factors show diurnal variations in their expression levels or activities. These variations can induce the different sensitivity to external toxicants of a day. We reported earlier that mice showed clear diurnal variation of cadmium (Cd)-induced toxicity, i.e., chronotoxicity. In this report, we investigated additional new evidences for the cadmium (Cd)-induced chronotoxicity, and considered the mechanisms contributed to this chronotoxicity. Male C57BL/6J mice were injected with CdCl 2 (6.4 mg/kg, one shot) intraperitoneally at 6 different time points of a day (zeitgeber time (ZT); ZT2, ZT6, ZT10, ZT14, ZT18 or ZT22) followed by monitoring the mortality until 14 days after the injection. We observed extreme difference in survival numbers: surprisingly, all mice died at ZT2 injection while all mice survived at ZT18 injection. Moreover, in non-lethal dose of Cd (4.5 mg/kg), the values of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) used as indexes of hepatotoxicity markedly increased at ZT6 injection while mostly unchanged at ZT18 injection. To consider the mechanisms of this extreme diurnal variation, we examined biochemical studies and concluded that the diurnal variation was not caused by the differences in hepatic Cd level, basal hepatic metallothionein (MT) level, and induction level or induction speed of hepatic MT. We suggested that one of the candidate determination factors was glutathione. We believe that the "chronotoxicology" for metal toxicity may be classic, yet new viewpoint
INTRODUCTION
It is well known that biological defense factors show diurnal variation in their expression levels or their activities. For example, biological responses to various drugs used for antitumor, antiangiogenic, antiasthma or antihypertensive show 24-hr rhythmicity (Peters et al., 1987; Koyanagi et al., 2003; Hermida et al., 2005; Burioka et al., 2010) . This diurnal variation may depend on alterations in drug metabolism activities, e.g. bioactivation or bioinactivation by cytochrome P450 enzymes (Froy, 2009) . Furthermore, expressions of many drug processing genes show diurnal variation (Zhang et al., 2009) . These facts investigate that administration timing varies the drug -ty (adverse effect). This viewpoint, the diurnal variation of drug sensitivity, has been applied for many years into -therapy (Burioka et al., 2010; Flack and Nasser, 2011) .
tion about this viewpoint has been paid, especially heavy metal compounds. We believe that this viewpoint, the diurnal variation of metal sensitivity (toxicity), should be introduced into toxicology as "chronotoxicology" becoming indispensable in the future toxicology. We predict that toxic severity caused by heavy metal exposure is different when quantitative changes of the biological defense factors occurs; e.g., toxicity will arise strongly when biological defense functions are low (for their levels and/or activities). Therefore it is possible that the severity of toxicity would differ by exposure timing. Actually, the diurnal variation of cadmium (Cd)-induced mortality was recently reported by our study in which ICR mice were sensitive to Cd acute toxicity during light phase, while tolerant during dark-phase (Miura et al., 2012) . We also reported that Cd-induced testicular toxicity showed diurnal variation (Ohtani et al., 2013) . Cd has been used in various industrial products such as electrodes, pigments, coatings and alloys/control rods for nuclear reactors, and et al., 1993; Pinot et al., 2000; Miura, 2009) . Although usage amounts and applications of Cd have been considerably decreasing by the laws and regulations such as RoHS, Cd has been utilized in various industrial products even today and -esses of zinc. Moreover, because "shift work with night work" has adopted and has been an indispensable working arrangement especially into manufacturing industries, shift workers work at day time and night time. This means that shift workers have possibilities to be exposed to toxic substances at various times of a day. Therefore, we should pay attention to the Cd-induced chronotoxicity, because shift workers have occasions to expose at various times of a day, additionally, have a risk for exposure to high concentration of Cd by accidental exposure.
In this report, in order to demonstrate additional evidences for the diurnal variation of Cd-induced toxicity, we used another strain of mice (C57BL/6J) and investigated the diurnal variation of hepatotoxicity by non-lethal dose of Cd. Furthermore, we considered the mechanisms of this chronotoxicity from the results of biochemical studies.
MATERIAL AND METHODS

Animal studies
Male C57BL/6J mice (5 weeks of age, 23-25 g body weight) were purchased from Nihon Clea (Clea Japan, Inc., Tokyo, Japan), and were kept under standard conditions with controlled temperature (24 ± 1°C), humidity (55 ± 5%) and light (12:12 hr light/dark cycles, lights on at 08:00 AM; LD room). The lights were white fluorescent lamp, about 100-150 lux intensity at the level of cages. In order to make possible the Cd injection at night-time during daytime (our working hours), we prepared the "DL room" in which light/dark cycles were reversed (lights on at 08:30 PM; lights off at 08:30 AM). Mice were adapted for 14 days with assigned to 6 groups of 5 animals in an appropriate room (3 cages were in LD room, 3 cages were in DL room). All animals had free access to sterilized commercial pellet diet (CE-2, Clea
To determine the injection-time dependent difference of mortality, male C57BL/6J mice (7 weeks of age, n = 5) were received intraperitoneally (i.p.) with single injection of 6.4 mg/kg of CdCl 2 (0.1 ml/10 g body weight; Wako chemical, Tokyo, Japan) at 6 different time points (zeitgeber time (ZT); ZT2, ZT6, ZT10, ZT14, ZT18 or ZT22). ZT shows elapsed time from the lighting on. In the case of dark period (ZT14, ZT18 and ZT22), injections were performed in the DL room under red light. The intensity of red light was less than 5 lux at the level of cages, and was approximately 10 lux at the time of injection by bringing animals close to the light (about 2 sec). The mortalities were monitored until 14 days after the injection. All symptoms and deaths were observed every day during 14 days monitoring. After experiment, all mice were sacIn time course experiments, male C57BL/6J mice (7 weeks of age, n = 5) were received single injection of CdCl 2 (4.5 mg/kg; i.p.), and were dissected at 2, 6, 12, and 24 hr after the injection with being anesthetized using ether. Control mice (for 0 hr) were received same volume (0.1 ml/10 g body weight) of saline. Liver samples were collected and stored at -80°C until analyses of Cd concentrations, Cd distributions, and levels of several biological factors. Blood samples were also collected from inferior vena cava using Supercath (Medikit Co. ltd., Tokyo, Japan) which needle was pre-saturated with heparin, and were centrifuged at 1,000 x g (4°C, 10 min) to separate plasma samples. Plasma samples were stored at -80°C until analyses of levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) as indexes of hepatotoxicity.
For estimation of diurnal variation of basal glutathione (GSH) and metallothionein (MT) levels in the liver, male C57BL/6Jmice (7 weeks of age, n = 5) which had not been received any administrations were dissected at 6 different ZT (2, 6, 10, 14, 18 or 22) . Liver samples were collected followed by determining the GSH and MT protein levels (described below).
GSH and MT levels
For determination of the hepatic GSH levels, liver sam-ples were homogenized in 5% sulfosalicylic acid (SSA) for 30 sec in ice-water bath. The homogenates consisting of 100 mg liver in 1 ml (10%) were centrifuged at 8,000 x g for 10 min at 4°C to remove proteins. Supernatants were assayed for reduced-form of GSH using GSSG/GSH Quantification Kit (Dojindo Laboratories, Kumamoto, Japan) according to the manufacture's instruction. The hepatic MT protein levels were determined by Hgbinding assay (Kobayashi et al., 2007) . Mercury bound to MT was measured using a mercury analyzer RA-2A (Nippon Instruments, Tokyo, Japan). The MT content was expressed as nanomoles of mercury bound.
GSH depletion
Male C57BL/6J mice were given free access to drinking water supplemented by 20 mM buthionine sulfoximine (BSO; Sigma-Aldrich Japan, Tokyo, Japan) for 4 days to prevent GSH synthesis continuously (Watanabe et al. from the subject and personal communication at toxicological conference held in Japan at 2011. Liver samples were collected 4 days after the BSO treatment (at ZT6 and ZT18) followed by determination of GSH contents. Another groups of mice which administered the BSO or non-treated water (its control) were injected with CdCl 2 -tion. Collection and storage of the blood samples were performed as described above.
Measurement of ALT and AST activities
Activities of ALT and AST in plasma were measured using Transaminase CII Test Wako (Wako chemical, Tokyo, Japan) according to the manufacture's instruc-(1 μl) were mixed with 50 μl of substrate mixture (an equal volume of each Substrate buffer and Coloring reagent), incubated at 37°C for 20 min followed by addition of Stopping solution (100 μl). The absorbance of blue pigment formed by series of this reaction was measured was prepared using ALT or AST Standard solution by serial dilution.
Accumulation and distribution of Cd in the liver after CdCl 2 treatment
Liver samples were digested with nitric acid. The concentration of Cd in each sample was determined using an inductively coupled plasma mass spectrometry (ICP-MS; HP4500, Yokokawa Analytical Systems, Japan). Cd concentration was determined at the mass numbers of 111 m/z. of the liver were analyzed using high performance liquid chromatography-ICP-MS (HPLC/ICP-MS) (Miura et al., 2006) . Liver samples which obtained from 2, 6, 12, and 24 hr after the single injection of CdCl 2 as described -lowed by ultracentrifugation at 105,000 x g for 1 hr at 4°C. The supernatants were obtained and used as the soluble fraction. An aliquot (100 μl) of the supernatant was loaded on the TSK GEL SW3000 column (Tosoh Corporation, Tokyo, Japan) and eluted with 50 mM (HP1100; Yokokawa Analytical Systems, Tokyo, Japan). The eluate was introduced directly into the ICP-MS instrument.
Ethics of animal experiments
This study was carried out in strict accordance with the recommendations in the guidelines for the care and use of laboratory animals set forth by our Institutional Animal Care and Use Committee (IACUC) of Japan National Institute of Occupational Safety and Health (JNIOSH). For mortality experiment, all mice were sacrificed 14 days after the injection using carbon dioxide. The protocol was approved by IACUC of JNIOSH (Permit Number: H22-02-2).
Statistical analysis
All data were presented as the mean ± S.D. Statistical analyses were performed by ANOVA. Post-hoc TukeyKramer's multiple comparisons tests in a one-way ANO-VA were employed to show which time points (ZT) were significantly different within each experimental group. P-values lower than 0.05 were considered evidence for
RESULTS
Different severity of Cd-induced mortality and hepatotoxicity by injection time
We reported earlier the diurnal variation of Cd-induced mortality in our previous study in which ICR mice were sensitive during daytime while resistant during night time (Miura et al. gated the difference in Cd-induced mortality by injection time using another strain, C57BL/6J mice. Mice were received single injection of CdCl 2 (6.4 mg/kg; i.p.) at 6 different time points (at ZT2, ZT6, ZT10, ZT14, ZT18, or ZT22) followed by monitoring the survival numbers until 14 days after the injection. As shown in Fig. 1 -a, CdCl 2 killed all the mice injected at ZT2. How-ever, it was very surprisingly, all the mice survived at ZT18 injection. These survived mice were recovered their body weights to that of control levels until 14 days, and they seemed to be healthy, e.g. they moved actively and they had shiny fur as control group. The survival rate at ZT14 injection was also higher (40%) than other injection time points except ZT18 injection. Furthermore, the mean survival time (MST; expressed as "day") estimated by Kaplan-Meier analysis was: 2.2 (ZT2); 4.6 (ZT6); 4.6 (ZT10); 7.4 (ZT14); 14.0 (ZT18) and 5.2 (ZT22) (Fig. 1-b) . These results indicated that C57BL/6J mice showed extreme difference in mortality by injection timing, and were sensitive to Cd-induced toxicity during light phase while tolerant during dark phase as well as our previous data using ICR mice (Miura et al., 2012) . We did this mortality experiment only once from two reasons: 1) compliance of the 3Rs animal research principle; 2) acquisition of the same tendency (reproducibility) of diurnal variation compared to our previous data.
We next examined the difference in severity of hepatotoxicity by injection timing using lower dose of Cd (non-lethal dose: 4.5 mg/kg). For the experimental convenience, we chose both ZT6 and ZT18 as injection time and used these times in the following experiments. Plasma samples were collected from 2 hr to 24 hr after the Cd injection at ZT6 or ZT18. As a result, at the ZT6 injection, the ALT values began to rise from 12 hr and markedly increased at 24 hr after the injection (Fig. 2, left) . On the other hand, at ZT18 injection, the ALT values did not -trol level. This pattern was also observed by AST estimation (Fig. 2, right) . Thus mice showed pronounced acute hepatotoxicity by Cd injection and had different severity to Cd-induced hepatotoxicity by injection time. These results clearly indicate that the Cd sensitivity of mice is extremely different of a day.
No differences in accumulation and distribution of Cd in the liver
To consider the mechanism of the diurnal variation of the Cd accumulation level in the liver after the Cd injection, since liver is one of the target organs of acute Cd toxicity. Hepatic Cd levels were estimated using the liver samples collected at an appropriate time intervals after the Cd injection (same experiment as Fig. 2) . As a result, the Cd levels which detected 2 hr after the injection were not changed until 24 hr after the Cd injection (Fig. 3) . These accumulation patterns were not different by injection timing (ZT6 and ZT18). Therefore, Cd accumulation level in the liver and Cd uptake rate into the liver may not be the determination factors for the diurnal variation.
by the difference of injection time. The hepatic cytosol fractions of Cd-injected mice were analyzed by HPLC-ICP/MS. The column (TSK gel G3000SW) used in this analysis can separate the two major MT isoforms (MT-1 and MT-2) in a single elution (Kobayashi et al., 2007) . As shown in Fig. 4 , Cd was detected mainly in the highmolecular-weight fraction (retention time 15 to 18 min) at 2 hr after the injection, then, came to be distributed almost in the MT-1 and MT-2 fractions (retention time approx. 22 and 25 min) at 12 hr after the injection. Similar distribution pattern was observed at 24 hr after the injection (data not shown). These patterns were not different at all between two injection times (ZT6 and ZT18). Therefore, our results indicate that differences in the distribution of Cd in the liver are also not a determination factor for Cd- induced chronotoxicity.
Non-contribution of MT for diurnal variation of Cd-induced toxicity
The diurnal variations of levels of biological defense factors are thought to be taken part in determination of the Cd-induced chronotoxicity. Because MT is one of the most important defense factors against Cd toxicity, we first estimated the diurnal variation of MT protein level in the liver of non-treated mice. As a result, although the diurnal variation of hepatic levels of MT protein was observed, this variation was not correlated to the diurnal variation of Cd sensitivity (Fig. 5-a) . Therefore, the basal (non-induced) level of hepatic MT is hard to think as a determination factor for Cd-induced chronotoxicity. Moreover, since MT is an inducible protein (Ashino et al., 2003; Haq et al., 2003) and its induction level after the injection is known to be important, we compared the MT induction pattern by the difference of injection times of Cd. As shown in Fig. 5-b , MT protein levels rose up 6 hr after the Cd injection, and kept increasing until 24 hr. both injection times (ZT6 and ZT18). From these results, in addition to MT basal level, there were no differences in the MT induction level and induction speed between both injection times. Therefore we can exclude the possibility of MT contribution for Cd-induced chronotoxicity.
Contribution of GSH for diurnal variation of Cd-induced toxicity
We further examined the contribution of GSH, another biological defense factor for Cd toxicity. Using same samples from Fig. 5-a were estimated. As a result, although hepatic GSH levels not correlated to the diurnal variation of Cd sensitivity ( Fig. 6-a) . Therefore, as the result of MT (Fig. 5-a) , we think that the basal level of hepatic GSH is not a determination factor for Cd-induced chronotoxicity. HowevCd injection had a difference between injection times. In ZT6 injection group, the level of GSH decreased about -ly different from ZT18 group) and subsequent its recovery seemed to be low or delayed (Fig. 6-b) . On the other hand, no decrease was observed in ZT18 injection group. This result suggested the contribution of GSH.
We subsequently examined the GSH contribution by additional estimation. To prove this, we tried to deplete the hepatic GSH level using buthionine sulfoximine et al ., 1979) . Male C57BL/6J mice were administered 20 mM of BSO in drinking water for four days to deplete the GSH continuously (Watanabe et al., 2003) . By this administration, the hepatic GSH level decreased about half of the control level (Fig. 7-b, left) . BSO gave no effect on body weight (data not shown). Under this condition, mice were received single Cd injection (4.5 mg/kg; i.p.) at ZT6 or ZT18 followed by collection of plasma 24 hr after the injection and estimation of ALT activities. Body weights, liver weights and both values treatment alone (data not shown). As a result, the ALT value increased at ZT6 while was lower at ZT18 in the BSO-non-administered group, as well as former (Fig. 7-b , middle). However, this difference was disappeared in the BSO-administered group (Fig. 7-b, right) . BSO also abol- Fig. 2 , cytosol samples were prepared after ultracentrifugation (105,000 x g for 1 hr) of liver homogenates. The cytosol samples were loaded on a TSK GEL SW3000 column and eluted. The eluates were introduced directly into the per second (cps). Positions of the two major MT isoforms (MT-1 and MT-2) were indicated by arrows. Vol. 38 No. 6 ished the diurnal variation of hepatotoxicity estimated by AST (data not shown). From these results, the hepatic GSH level may be one of the candidate factors for determination of the Cd-induced diurnal variation.
DISCUSSION
Our results clearly demonstrated that mice had extreme diurnal variation of Cd-induced hepatotoxicity in addition to mortality (Fig. 1 and Fig. 2) ; mice seemed to be sensitive to Cd-induced toxicity during light phase while tolerant during dark phase. To consider the mechanisms of this -er, since acute Cd exposure shows hepatotoxicity in mammals (Waalkes et al., 1992; Hiratsuka et al., 1993; Honda et al., 2010) . As a result, both injection times (ZT6 and the liver (Fig. 3) and distributions of Cd in hepatic soluble fractions (Fig. 4) . Therefore, we think that differences of the Cd accumulation in the liver, the Cd distribution in the liver cytosol, the Cd uptake into the liver, and the Cd distribution in the hepatic cytosol are not attributed to this diurnal variation.
It is well known that biological defense factors show diurnal variations in their expression levels or their activities. For example, expressions of many drug processing genes (Zhang et al., 2009 ) and antioxidant genes including MT and GSH (Xu et al., 2012) show diurnal variation in the mouse liver. MT is a most important defensive protein with high affinity for heavy metals such as Cd via abundant cysteine residues in its molecule (Palmiter, 1998; Fujiwara et al., 2011) , and is induced by Cd expo--tion of Cd (Haq et al., 2003; Nakamura et al., 2012) . Our present work showed that the diurnal variation of hepatic MT level in non-treated mice was not correlated to the diurnal variation of Cd sensitivity (Fig. 5-a) , and MT induction patterns (induction level and induction speed) were also not different between both injection times (ZT6 and ZT18; Fig. 5-b) . Therefore, we came to the conclusion that MT had no contribution for determination of Cd-induced chronotoxicity. On the other hand, the hepat-ZT6 injection than the level at ZT18 injection (Fig. 6-b) , -nal variation of hepatic GSH level and the Cd susceptibility ( Fig. 6-a) . The subsequent GSH-depletion experiment using BSO (Fig. 7) suggested the contribution of GSH to the Cd-induced chronotoxicity. Therefore, we think that the hepatic GSH was a candidate factor for determining the Cd-induced chronotoxicity. There are several reports which describe the diurnal variation of Effect of GSH depletion on Cd-induced diurnal sensitivity. Male C57BL/6J mice were given free access to drinking water supplemented by 20 mM BSO for 4 days to prevent GSH synthesis continuously. Liver samples were collected followed by determining the GSH levels. Then, mice were injected with CdCl 2 (4.5 mg/kg i.p.). Plasma samples were collected 24 hr after the injection followed by measuring the ALT activity. ##: vs. BSO(-) (p < 0.05), ** : vs. ZT6 (p < 0.01). expression levels of enzymes involved in GSH biosynthesis, such as -glutamylcysteine synthetase (for synthesis) and -glutamyl transferase (for degradation) (White et al., 1987) ; also, GSH-related enzymes like glutathione S-transferase and glutathione peroxidase (Xu et al., 2012) . These proteins may contribute to Cd-induced toxicity by concerning with GSH complexly, therefore, we protein levels and consider the contribution to the diurnal variation of Cd toxicity. There are many reports indicating the diurnal variation of GSH levels in plasma in addition to liver (Jaeschke and Wendel, 1985; Blanco et al., 2007; Xu et al., 2012) . We estimated the hepatic levels of GSH in this report, therefore, we need further information about the GSH levels in plasma. Moreover, because Cdinduced chronotoxicity may not be explain only by the -er and pay attention to Cd-induced effects on other rhythmic factors starting with metabolic systems in addition to whole body biological rhythms (Caride et al., 2010; Jimenez-Ortega et al., 2011; Lafuente, 2013) .
At the present stage, we presume that the priority may be given to clarify the existence of diurnal variation of susceptibility to metal compounds by many researchers, since there are a few reports examined the Cd-induced chronotoxicity: using mice (in French) (Cambar et al., 1983) or Paramecium tetraurelia (Hinrichsen and Tran, 2010) in addition to our reports (Miura, 2009; Ohtani et al., 2013) . The information acquired from these examinations is important for protecting the human health from the hygienic viewpoint. In modern society, the "shift work with night work" is adopted not only into manufacturing industries but into various fields, and has been an indispensable working arrangement. Actually, there are 27.3% of shift workers in Japan, that is, about one quarter or one third of the all workers (in 2007, Survey on State of Employees' Health, Ministry of Health, Labour and Welfare). It is noteworthy that, in steel industry where workers have many opportunities to expose to metal compounds, the percentage of companies which adopt the "shift work with night work" is reaching to seven out of ten (64.3% in 2005, General Survey on Working Conditions, Ministry of Health, Labour and Welfare). Shift workers work at day time and night time, therefore, they have possibilities to be exposed to toxic substances at various times of a day. Our present research propounds a new agenda, which is unnecessary to consider under the normal conditions (environmental levels are fewer than regulation values) but is necessary in the case of accidental exposure such as explosion or spillage in which workers are exposed to high concentration (toxic dose) of toxic substances. Shift workers will need to pay more attention to exposable substances during higher sensitive time, because our data indicated extreme differences in diurnal variation: all-or-none of mortality and hepatotoxicity. By introducing our "chronotoxicological" viewpoint, our data could apply in higher-precision of risk management to shiftworkers. Moreover, if the diurnal variation of sensitivity is exist among many chemical compounds, the regulation values such as "No Observed Adverse Effect Level" (NOAEL) may be reconsidered because the current regulation values usually use the results of experiments conducted during daytime. experimental data obtained from mice to human beings. In -ogy and chronotherapy (Burioka et al., 2010; Flack and Nasser, 2011) , it may be easier than the case of toxicologibecause the experimental object substances are medicinal drugs and can be applied directly to human beings. In the -logical effects of toxic substances to human body must be acquired from animal experiments since toxic substances are never given directly to human beings for anything. Recently, chronotoxicological cohort study was reported which described that the timing of poisoning ingestion (in this case, oleander poisoning) affected the survival in humans (Carroll et al., 2012) . Therefore, it is important to determine the mechanism of this Cd-induced chronotoxicity. For example, if the diurnal variation is only the difference in action rhythms such as feeding diet between mice and human, we may simply understand that human beings are more sensitive to Cd-induced toxicity during night, since mice are nocturnal animal but human beings are diurnal. If different mechanism(s) is concerned, we cannot simply extrapolate the reversing of action rhythm as mentioned above. Moreover, considering of exposure to workers in the work places, we think that examinations not only by i.p injection (in this study) but by other administration routes are required. At the present, we have obtained one result which shows Cd-induced chronotoxicity by subcutaneous injection (in preparation).
In conclusion, we presented here that the Cd-induced toxicity such as hepatotoxicity and mortality showed extremely different by the injection times of a day. This diurnal variation was not by differences in hepatic Cd level, hepatic MT level, and MT induction level along with induction speed. One of the determination factors which we suggested is GSH. We think that this extreme diurnal variation, all-or-none of mortality and hepatotoxicity, are not explained by GSH alone, therefore we are advancing the elucidation of the mechanism by examination of the contribution of other factors especially for antioxidants. Our modern chronotoxicological viewpoint could contribute with new concepts to classic toxicology.
